Abstract: Three coal fly ashes (FA) with different acid-base characteristics and unburned carbon contents, and their mixtures with a typical embankment soil, were analyzed for arsenic, copper, and chromium leaching as a function of pH using batch-type water leach tests. Final leachate pH of the samples was linearly correlated (R 2 ¼ 0.84) to their water-soluble Ca (a surrogate for soluble CaO) and oxalate-extractable Fe concentrations (a surrogate for amorphous iron hydroxides). The leaching behavior of Cu, Cr, and As appear to be primarily governed by leachate pH, and no significant difference in terms of leaching trends was observed among different fly ashes solely attributable to different unburned carbon content. At acidic pH, increased Cu and Cr (presumably in the form of Cr III ) leaching were observed. Cr VI was determined as the predominant species in leachates. As and Cr VI were strongly retained below pH 7 and leached more at alkaline pH. According to Cr VI sorption test results, Cr VI retention capacity was higher for fly ashes with higher oxalateextractable iron content. Thus, minimum metal release occurred from mixtures that produced leachates with pH values near neutral range. The leachate pH of acidic fly ash could be increased by adding soil or ash with neutral characteristics. The fly ash-to-soil ratio should be carefully adjusted because soil addition to ashes improved compactibility of the mixtures but also reduced the retention capacity for As and Cr VI . Regardless, pH of naturally alkaline fly ash with high soluble CaO content could not be decreased to a neutral range and leached more metal, especially toxic Cr VI .
Introduction
In the United States, approximately 1 billion Mg of coal is annually combusted for electricity generation. According to the American Coal Ash Association, it was estimated that 61 million Mg of fly ash were produced in 2010, and only 38% of that was reused in various applications in the United States (ACAA 2011). The fly ash that is not or cannot be reused is usually landfilled or disposed of in ponds, taking up large volumes of space (Ahmaruzzaman 2010) . Thus, fostering beneficial reuse of fly ash is crucial for sustainable management of waste originating from coal-fired power plants.
The most common beneficial reuse for fly ash is as a concrete additive. However, the unburned carbon content of fly ashes has generally increased all around the United States because of decreased combustion efficiency as a result of conversion to low-NO X combustion (Hower et al. 1998 ) and activated carbon addition to control Hg emissions (Pavlish et al. 2003) . The resulting fly ashes with high carbon content-loss on ignition content (LOI)-greater than 6% (ASTM 2013) cannot be used as a concrete additive owing to interactions between carbon and air entrainment agents that are used to prevent crack formation and propagation in the cement matrix (Hill et al. 1997 ). High-carbon fly ashes (HCFA) have potential for being beneficially used in geotechnical applications, such as replacing natural materials in road base and highway embankment construction, where their high carbon content does not critically affect the performance (Ahmaruzzaman 2010) .
However, the high trace metal content of fly ash compared with background soils may be prone to leaching under field conditions, and the risk of contamination of nearby water bodies must be assessed before any type of geotechnical application. Research is lacking on the leaching potential of HCFA and HCFA/Soil mixtures, other than a limited number of studies (Bin-Shafique et al. 2006; Komonweeraket et al. 2010; Cetin et al. 2012; Becker et al. 2013 ). Thus, this study was conducted to provide further information on major release/retention mechanisms to fill gaps in this field and focused on investigating leaching characteristics of different Maryland fly ashes and their mixtures with embankment soil.
The objective of this work was to identify the chemical traits controlling the leaching of three trace elements (arsenic, copper, and chromium) in fly ash-soil mixtures by examining factors such as chemical composition of fly ash, pH of the contact solution, and speciation of the elements. These three trace elements were selected primarily because of their high toxicity to aquatic life according to the Maryland State Aquatic Toxicity Limit Concentrations (COMAR 2013) . Arsenic is a metalloid, but the three elements are henceforth collectively referred to as metals. 
Materials and Methods

Materials
Soil used in this study is commonly used in embankment construction by the Maryland State Highway Administration (SHA) and was collected from a pit in Denton, Maryland. The soil was classified as poorly graded sand with silt (SP-SM) according to the Unified Soil classification system, and A-3 (fine sand) according to the AASHTO classification system. The three fly ashes originated from three different coal-fired power plants in Maryland and were labeled according to the location of the plant from which they were collected: Brandon Shores (BS), Chalk Point (CP), and Morgantown (MT). BS was classified as Class F fly ash by ASTM (2013) according to its X-ray fluorescence spectroscopy analyses (SiO 2 þ Al 2 O 3 þ Fe 2 O 3 content ¼ 75%) and low LOI of 4.4% (ASTM 2008) . CP and MT were classified as off-spec fly ashes because of their high unburned carbon content.
Total elemental analyses (TEAs) were performed by the University of Wisconsin (UW) Soil Testing and Plant Analysis Laboratories using inductively coupled plasma optical emission (ICP-OES) spectrometry and employing a laboratory-developed standard operating procedure (UW 2005) to evaluate element concentrations. The properties of the materials are given in Table 1 , and results of the analyses are provided in Table 2 .
Compaction Tests
The fly ash and dry soil were homogeneously mixed at different proportions and tested for their maximum dry unit weight by using standard Proctor compaction effort (ASTM 2012). The fly ash and soil mixtures with a dry unit weight greater than 15.7 kN=m 3 (the Maryland SHA compaction limit) were selected for further analysis. Before the compaction tests, oven-dried (24 h, 105°C) soil was sieved using a U.S. #4 (4.75 mm) sieve. Because of the relatively small particle size of the fly ashes, they were not sieved prior to compaction. Soil and fly ash contents of the mixtures and the results of compaction tests are listed in Table 3 .
Water Leach Tests
Batch-type water leaching tests, in which equilibrium-controlled release occurs, were preferred for this study because the leaching and retention mechanisms are controlled by fewer variables and are easier to define and control compared with kinetic-controlled column water leach tests that simulate natural conditions more successfully (van der Sloot and Dijkstra 2004). All water leach tests (WLT) were conducted in triplicate following ASTM standard D3987 (ASTM 2006) with several modifications. The first modification was using an extraction liquid volume of 50 mL instead of 2 L and oven-dried soil was sieved using a U.S. #10 sieve (2 mm) to fit the procedure to available laboratory equipment. The second modification was the use of 0.02 M NaCl in deionized (DI) water instead of type-IV DI water to better simulate the ionic strength of the water percolating through upper soil cover above the compacted fly ash-soil layer (Morar et al. 2012) . The pH of the extraction liquid was within the range of 5.3-5.7. The last modification to ASTM standard D3987 (ASTM 2006) was adjusting the final pH of selected samples through the addition of either buffered solutions or HNO 3 to the extraction liquid. The original liquid-tosolid ratio (LS) of 20 mL=g (v=w) was not altered and was used for all WLT samples throughout the study.
WLT samples were rotated continuously (29 revolutions= min) at room temperature (21 AE 2°C) for 18 h. Then the WLT samples were centrifuged (2,000 rpm for 10 min.) and were filtered through 0.2-μm pore-sized membrane disk filters (PALL, Supor 200, Port Washington, NY). Immediately after filtration, pH and electric conductivity were measured. The rest of the filtered samples were acidified to pH < 2 using trace metal grade concentrated HNO 3 ∼15.8 N and stored in 50-mL high density polyethylene centrifuge tubes. All samples were stored at 4°C for metals analysis.
Although the leaching behavior of elements from fly ash is dependent on many factors, leachate pH is a master variable controlling the leaching of trace elements and their sorption onto fly ash and soil components (Jegadeesan et al. 2008; Jo et al. 2008; Izquierdo and Querol 2012) . Therefore, WLTs with adjusted extraction liquid pH were also performed to investigate metal leaching as a function of pH. The pH of the samples was fixed by adding buffer solutions and HNO 3 . The buffer solutions were prepared by dissolving organic buffers from Sigma-Aldrich, St. Louis, MO (4-Morpholineethanesulfonic acid (MES), N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES), 4-(2-Hydroxyethyl) piperazine-1-propanesulfonic acid (EPPS), 3-(Cyclohexylamino)-2-hydroxy-1-propanesulfonic acid (CAPSO), and 3-(Cyclohexylamino)-1-propanesulfonic acid (CAPS); >99%, anhydrous) in DI water. The organic buffers used in this study were assumed to have minimal interference with metals. Subsequently, 1 M NaOH was added dropwise to the solutions until pH was fixed to the targeted value (pH 5.5, 7.0, 8.0, 9.0, and 10.0) within the effective pH range reported for each buffer type. After preliminary tests to determine the optimum concentration of buffer solution for each mixture, buffer solutions were added to the extraction liquid up to 0.05 M. To adjust the pH to near 4, 0.16 M HNO 3 was added to samples. The WLT samples were prepared with a total volume of 100 mL for this set (LS ¼ 20 mL=g) to minimize the effect of volume change owing to acid addition. The pH of the samples was checked every 15 min for the first 4 h of the tests, and addition of HNO 3 was made to adjust the pH to around 4 by 0.1-mL additions. When the pH of the samples was stabilized at around 4.3, the HNO 3 
Batch-Type Adsorption Tests
A series of batch water leach tests were conducted after spiking the mixtures with Cr and As to further investigate the mechanisms that control leaching. To determine the sorption affinity of sandy soil for hexavalent chromium and pentavalent arsenic at different pH values, triplicate batch-type adsorption tests were run as water leach tests described previously with one exception. At the beginning of the adsorption tests, the extraction liquid was spiked either by 250 μg=L hexavalent chromium, Cr VI (diluted 1,000-mg=L chromate stock solution, potassium chromate in DI water), or 75 μg=L pentavalent arsenic, As V (dissolved arsenic acid sodium salt heptahydrate, Na 2 HAsO 4 • 7 H 2 O). Immediately after the filtration, leachates from samples spiked with 250 μg=L Cr VI were tested to determine the residual dissolved Cr VI concentration. The remaining filtered leachates were acidified and stored at 4°C. The spiked samples were given the suffixes of "þ250Cr" and "þ75As" in addition to their labels (e.g., BS100 þ 250Cr).
Ammonium Oxalate Extraction
To estimate the amounts of As, Ca, Cr, Cu, and P associated with amorphous iron oxides, and the dissolved Fe concentration as a surrogate of amorphous iron oxides, a modified version of the oxalate extraction method was utilized as described in O'Neill and Davis (2012). 100 mL of 0.275 M acid ammonium oxalate (0.175 M ammonium oxalate þ0.1 M oxalic acid) solution was adjusted to pH 3.0 AE 0.1 with 1 M HCl and transferred to glass beakers containing 2.5 g of different solid aliquots at LS ¼ 40 mL=g. Samples were mixed continuously by magnetic stirrers for 2 h in the dark, centrifuged for 10 min at 2,000 rpm, and filtered through 0.2-μm membrane filters. These filtrates were then collected and stored at 4°C until they were analyzed. The oxalate-extractable Fe concentration was presumed to be a surrogate of amorphous iron (hydr)oxide content, which may also be formed as a secondary mineral phase upon weathering of the parent material in fly ash (Dudas 1981; Dudas and Warren 1987; van der Hoek and Comans 1996) . Oxalate-extractable Fe content for each mixture is estimated based on linear dilution calculations [Eq. (1)] by using the oxalateextractable Fe content of pure materials listed in Table 4 TC
where TC = total elemental content of the mixture (mg=kg); f i = mass fraction of the ith material in the mixture; and X i = total elemental content of the ith material in the mixture in the solid phase (mg=kg).
Calculation of Metal Leachability
In order to better compare the leaching from different mixtures containing different elemental concentrations in solid phases as a function of pH, the dissolved metal concentrations detected in WLT leachates were normalized to the calculated total metal content of each mixture. The resulting ratio is referred to as the leachability in water [Eq. (2)]. Elemental concentrations of As, Cr, and Cu in units of mg=kg from TEA (Table 2) were presumed as the respective total metal contents of the materials used in this study
where C Leached = dissolved metal concentration in the WLT leachate (mg=L); V = volume of leachate (0.050 L); m is = mass of the mixture (0.0025 kg for WLTs); and TC = total elemental content of the Note: BS = Brandon Shores fly ash; CP = Chalk Point; MT = Morgantown; SOIL = Soil without fly ash. The numbers after the abbreviation designate the percentage of fly ash by mass in the mixture. Some mixtures consist of two different types of fly ashes at equal amounts. mixture for that metal, calculated using Eq.
(1) and TEA data given in Table 2 (mg=kg).
Analytical Techniques
The total dissolved chromium and copper concentrations in WLT leachates were determined by using graphite furnace atomic adsorption spectrophotometry (AAS) (Perkin Elmer Model 5100 ZL, Waltham, MA). Dissolved arsenic concentrations in WLT leachates were determined by using flow injection hydride generation AAS (FIA-HGAAS). Fe and Ca concentrations in oxalate extracts were determined by using flame AAS using air/acetylene. All AAS techniques were performed following techniques published in American Public Health Association (APHA) (2005) . Standards for different analysis were prepared in matrix similar to the samples. Only calibration curves with a coefficient of determination (R 2 ) of 0.995 or higher were accepted prior to analyses. The method detection limits (MDL) forAs, Cu and Cr; Ca and Fe were determined as 0.4, 0.6, 0.4 μg=L; 0.05 and 0.03 mg=L, respectively, according to Section 1030E of the APHA (2005). Hexavalent chromium (Cr VI ) concentration was analyzed because of the significantly different mobility and toxicity of its two common oxidation states-þIII and þVI (Sullivan and Krieger 2001) . Dissolved Cr III is a cation and is usually present as less soluble hydroxides with increasing pH. In contrast, hexavalent chromium forms highly soluble and toxic oxyanions. Cr VI in the leachates was determined by using an UV-Vis spectrophotometer (Shimadzu UV160U, Tokyo) as described in Bartlett and James (1979) . The s-diphenyl carbazide reagent (ACS Grade) was prepared by adding 120 mL of 85% H 3 PO 4 , diluted with 280 mL deionized water, to 0.2 g s-diphenyl carbazide dissolved in 100 mL of 95% ethanol. One mL of s-diphenyl carbazide reagent was added to 8 mL leachate aliquot. All specimens (reagent-leachate mixtures) were mixed vigorously and allowed to stand 20 min. Color was measured at 540 nm using a 1-cm cuvette. The detection limit for these analyses was accepted as the lowest standard, 10 μg=L Cr VI . The difference between total dissolved chromium (Tot Cr) and dissolved Cr VI concentration was accepted as the dissolved Cr III concentration. Dissolved phosphate concentrations in oxalate extracts were analyzed using the method of Wolf and Baker (1990) . Dissolved phosphate in WLT extracts were analyzed colorimetrically at 880 nm as described by Pote and Daniel (2000) .
Results and Discussion
Proctor Test Results
The maximum dry unit weight and the corresponding optimum water content of the 12 mixtures are tabulated in Table 3 . Soil has the highest dry unit weight value, 19.2 kN=m 3 , and the results showed that soil addition to the fly ash significantly improves the compactibility. The compactibility of fly ash-soil mixtures decreased at different extents, depending on the type and percentage of fly ash in the mixture.
BS and CP were able to be amended to the soil up to 30% by dry weight, while meeting the 15.7 kN=m 3 dry unit weight limit; MT was mixed with soil up to 60% and still achieved a maximum dry unit weight of 16.3 kN=m 3 at 15% moisture. The high compactibility of MT also allowed the use of MTBS25 and CPMT25 mixtures. Although 25% BS and CP in these two mixtures reduced the compactibility, 50% total fly ash can be amended successfully as a result of the presence of 25% MT, meeting the required dry unit weight limit. Other than MT-containing mixtures, BSCP20 was the other successful mixture, containing 40% fly ash in total (16.5 kN=m 3 ).
Leachate pH
The pH of the leachates from pure soil (SOIL), CP100, BS100, and MT100 were 5.32, 4.41, 6.53, and 9.83, respectively (Table 3) , demonstrating that BS and CP were acidic fly ashes and that MT had an alkaline nature. Natural pH values of leachates from fly ash/soil mixtures were typically between those for the soil and the respective fly ash alone, closer to that for the 100% fly ash sample. The highest pH values belonged to leachates from MT100 and MT/ Soil mixtures (i.e., MT40, MT50, MT60), increasing from 9.50 to 9.83 with increasing MT content. The results indicated that increasing soil content in the mixture has less effect on the final pH of leachates compared with the increase in ash content. The alkaline characteristics of MT-containing samples can be explained by the significantly higher Ca leaching from these mixtures (46-90 mg=L) compared with other mixtures (4.7-30 mg=L) because CaO is the primary source of Ca in fly ash (USGS 2002) . Alkalinity of fly ash leachates is reported to be primarily associated with hydrolysis of CaO in the solid phase upon exposure to water and subsequent dissolution of Ca 2þ and OH − (Dudas and Warren 1987; Nathan et al. 1999; Kim 2006; Ward et al. 2009 ). Dudas (1981) observed formation of amorphous iron oxides as secondary minerals during weathering of fly ash. A more soluble portion of the iron content from reactive glassy surfaces of fly ash particles can dissolve and then precipitate as amorphous iron oxides during the weathering process (Dudas and Warren 1987) . Therefore, acidity can be formed analogous to precipitation of free aluminum in soil solution (Sparks 2003) . Theis and Wirth (1977) also reported the correlation between acidity and oxalate extractable iron concentration in fly ash leachates. This phenomenon may explain the acidity of CP fly ash samples [Eq. (3)]
In order to better investigate the relationship between leachate pH and chemical composition, three additional mixtures (BS40, CP40 and MT40), which were not analyzed for trace metals, were prepared and analyzed for dissolved Ca concentration. The dimensionless ratios of dissolved Ca content (mg=kg) to oxalateextractable Fe content (mg=kg) are given in Fig. 1 Fig. 1 may also explain the low impact of soil content on the final pH. Since both dissolved Ca concentration and oxalate-extractable Fe content of the soil was relatively low compared with fly ashes, soil addition to fly ash had minimal effect on the final pH of the leachate, especially in the case of naturally alkaline fly ash, MT.
Arsenic Leaching
Arsenic concentrations measured in leachates from 12 samples are plotted as a function of pH in Fig. 2 . In all figures, error bars represent the standard deviation between the results from triplicate WLT samples and dissolved metal concentrations below MDL are plotted as half the detection limit. In general, the least amount of arsenic was leached within the pH range of 4.3-6.2 and total dissolved arsenic concentrations from all fly ash and fly ash/soil mixtures increased with increasing pH, with the exception of MT100, demonstrating a clear oxyanionic leaching pattern (Kosson et al. 2002) . SOIL contained very low total arsenic content (Table 2) and accordingly leached As concentrations above the detection limit only at pH 4.3 (2.6 μg=L As) and pH 10 (3.3 μg=L As).
The significantly higher retention of As below pH ∼7 and virtually complete coextraction of total arsenic content of the three fly ashes during oxalate extractions (Table 4) suggest that amorphous iron (hydr)oxide surfaces on fly ash particles are important in controlling the As leaching process (van der Hoek et al. 1994) . Of the two stable oxidation state of arsenic, þIII and þV, both form oxyanions (arsenite and arsenate) in aqueous solutions and have strong affinity for amorphous iron oxide surfaces at acidic and neutral pH range (Loeppert et al. 2002 ).
In Fig. 3 
of different types of materials with different total arsenic contents. Although BS had a total arsenic content of 24 mg=kg, which was less than half of the total As content of CP (60 mg=kg), below pH 7, BS100 and BS/soil mixtures leached significantly more arsenic than CP100. Arsenic leachability for BS100 was 4.5% (54 μg=L) at pH ∼7, whereas CP100 leached only 0.1% (2.5 μg=L) of its total As content at pH ∼7 [Figs. 3(a and b) ]. The retention capacity for As was also tested by spiking WLT samples with 75 μg=L As V . Dissolved As concentrations were measured as 48 μg=L for BS100 þ 75As and 5.5 μg=L for CP100 þ 75As, demonstrating that additional As V was almost completely retained in both cases. The surfaces on both type of fly ashes appeared to exhibit an As V adsorption capacity that was higher than the inherently leached total As concentrations from these fly ashes. Thus, the high total As leaching from BS100 at pH 4-7 can be explained by the presence of more mobile As III in the leachate. Turner et al. (1981) reported that As III leaching from fly ash is less affected by pH change compared with total arsenic leaching. Previous studies on As adsorption onto iron (hydr)oxide surfaces demonstrated that As V desorption increases sharply at alkaline pH (Raven et al. 1998) .
Arsenic release resembling the adsorption/desorption characteristics of As V from amorphous ferric oxides was most clearly observed for BS and CP mixtures [ Figs. 2(a and b) ]. Below pH ∼7, As leachability was low and at alkaline pH, where affinity of As V for amorphous ferric oxides was expected to be minimal, As leachability significantly increased. Maximum As releases from BS20, BS30, CP30, and CP100 all occurred at around pH ∼10. Arsenic leachability from CP100 was lower compared with CP30, implying soil addition diluted the total As content that was prone to leaching, while concurrently decreasing the total amorphous Fe (hydr)oxide content, which is likely the primary contributor to oxyanion retention capacity. On the other hand, BS had the lowest oxalate-extractable Fe and total As content among the three types of FA. Soil addition affected As leachability at a lesser extent for BS/soil mixtures. BSCP20 leached approximately 30% of its total arsenic content at pH 10.1 (270 μg=L As), similar to BS/ soil mixtures and CP30. Dissolved As concentrations of MTBS25 and CPMT25 were similar [ Fig. 2(d) ], but As leachability from MTBS25 was always higher than CPMT25 [ Fig. 3(c)] .
Overall, the As leachability of BS-containing mixtures was higher than CP-containing mixtures. However, considering the 6.4 times higher oxalate-extractable Fe content of CP than BS and the difference between LOI values of BS and CP (4.4% compared with 10.5%), the impact of both parameters appears to be insignificant compared with the prominent control of leachate pH over As leaching. Futhermore, As leachability of MT100 and MT/soil mixtures [ Fig. 3(c) ] were lower than both BS and CP mixtures, although MT had the second highest LOI and oxalate-extractable Fe content.
In contrast with increased As releases from other fly ash samples at alkaline pH, As leaching from MT100 decreased above pH 7.4 [ Fig. 2(c) ]. The residual As concentration in the WLT sample using MT100 spiked with 75 μg=L was 48 μg=L at pH 9.69, which was similar to the leached As concentration of 52 μg=L from MT100 sample without As spiking at pH 9.83. Assuming that the adsorption affinity of oxyanions for amorphous iron oxides was negligible at pH > 9, this result suggested that As retention was attributable to a mechanism other than adsorption onto metal oxide surfaces.
The most significant difference between MT and other fly ashes was its high total calcium and correspondingly high dissolved Ca content ( Table 3 ). As and Ca released from fly ashes can form many different low-solubility compounds as secondary minerals, and other studies have proposed that As release from fly ash can be controlled by the solubility of a Ca-As phase under alkaline conditions in the presence of high Ca levels (van der Hoek et al. 1994; Wang et al. 2009 ). It appears that the saturation limit for an undefined As-Ca solid phases in MT100 leachate ranges from 48 to 52 μg=L at 90 mg=L Ca and pH ∼9.8. Inorganic phosphate species have a configuration identical to As V species (Wagemann 1978) , and a similar trend of decreasing concentration with increasing pH was observed for phosphate in MT mixtures. In Fig. 2(c) , the P leaching from MT100 and MT/soil samples decreased ∼25% as pH increased from 9.3 to 9.8. MT50 and MT60 also released low As concentrations compared with CP-and BS-containing mixtures within the pH range of 6-10. Above pH ∼9, As leachability for MT50 and MT60 was slightly higher than MT100 [ Fig. 2(c) ], and dissolved As concentrations from these samples increased gradually with increasing pH. Soil addition to MT appeared to dilute water-soluble Ca content (Table 3) , and hence presumably, saturation of As-Ca phases was not observed for MT50 and MT60.
Both MTBS25 and CPMT25 did not exhibit significantly increased As release under alkaline conditions possibly owing to the presence of MT, but leachability values computed for both mixtures were significantly higher than MT50, especially above pH ∼7.3 because of the added presence of BS and CP.
Copper Leaching
Dissolved Cu concentrations detected from 12 WLT leachates are plotted in Fig. 4 as a function of leachate pH. For MT-and BS-containing mixtures, the leachability was minimally affected by soil addition despite the virtually complete release of total Cu content exhibited by SOIL. Among all samples, the highest dissolved Cu concentration, 490 μg=L, was measured in BS100 at pH ∼4.3 [ Fig. 4(a) ], corresponding to a leachability of 16.4%. BS/soil mixtures, BS20, and BS30 leached 89 (13.7% Cu leachability) and 160 μg=L Cu (17%), respectively, around pH ∼4.3.
The dissolved Cu concentration from CP100 at its natural pH of 4.41 was 67 μg=L (2.5% leachability) [ Fig. 4(b) ]. CP30 had a natural pH of 5.32 and only leached 2.5 μg=L Cu (0.3% leachability), suggesting that increased leachate pH upon soil addition to CP significantly decreased Cu leachability.
After the leachate pH of CP100 was brought to 4.27 through HNO 3 addition, Cu concentration decreased to 3.1 μg=L, in contrast to the high release that was observed for BS100. Cu leaching from BSCP20 also did not increase significantly upon pH reduction, increasing from 4.4 μg=L (at pH 5.9) to 7.2 μg=L (at pH 4.3), Table 1 ). Unburned carbon in the fly ash matrix has a porous structure that provides a large surface area and can bind Cu cations even under acidic conditions (Lin and Chang 2001) . On the other hand, CP30 did not exhibit a similar trend to CP100. When its natural pH of 5.32 was decreased to ∼4.3, the dissolved Cu concentration from CP30 increased to 190 μg=L (22% Cu leachability), which was even higher than leaching from BS30. Thus, the cause of lower Cu leaching at low pH for CP100 and BSCP20, where affinity of metal oxide surfaces for Cu is low and solubility of Cu is high, is unclear. Whether or not unburned carbon content has an impact on Cu leaching, this effect is not strong enough to create a significant difference in terms of Cu leachability at pH > 4.3. Above pH ∼4.3, Cu leaching from BS-and CP-containing mixtures with soil become significantly lower (≤ 24 μg=L), showing little fluctuation with increasing pH. Fruchter et al. (1990) suggested that CuO (tenorite), which is a likely Cu mineral of occurrence in fly ashes, is the solubility-controlling phase. The dissolution of CuO, which is favored under acidic conditions [Eq. (4)], may explain the high Cu release under acidic conditions
The oxalate-extractable Cu content of all fly ashes ranged from 42 to 51% of their total Cu content (Table 4) , suggesting a similar distribution and leachability of Cu under acidic conditions (pH ¼ 3) for all fly ashes. Under acidic conditions, leached Cu is expected to be present predominantly in the form of highly mobile Cu 2þ (Reddy et al. 1995) . Other studies showed that cationic Cu species can be sorbed onto metal oxide surfaces and retention efficiency reaches ∼100% as pH increases from acidic to neutral (Héquet et al. 2001) . With further pH increase towards the alkaline pH range, Cu mobility generally decreases, resulting from the formation of less soluble Cu hydroxides [e.g., CuðOHÞ 2 ] (Benjamin 1983) , consistent with the findings of the current study [Figs. 4(a and b) ].
Except for MT100, the MT-containing mixtures leached ≤ 14 μg=L Cu within the pH range of ∼6 to ∼10 [Figs. 4(c  and d) ]. Despite the fluctuations in leached Cu concentrations (15-55 μg=L), Cu leaching from MT100 also decreased and became insignificant (≤ 2.1 μg=L) at around pH 10, similar to BS100 and CP100. Cu mobility also appears to be very sensitive to constituents of the solution. The fluctuations in leached Cu concentrations from MT100 were possibly attributable to the high soluble Ca content and high levels of buffer solution employed in order to adjust the leachate pH.
Chromium Leaching
Dissolved total chromium (Cr) detected in the leachates from 12 different mixtures are plotted as a function of pH in Fig. 5 . The total chromium content of MT, 68 mg=kg, was only ∼27% higher compared with BS and CP. However, MT100 and MT/soil mixtures released significantly higher chromium concentrations within the pH range of 6.2-10.3 compared with the other samples [ Fig. 5(c) ]. Cr release from MT/soil mixtures gradually increased as pH increased from ∼6 to ∼10. Increased Cr release with increasing pH indicates an oxyanionic leaching pattern similar to As. The average Cr VI -to-Cr ratios for these three mixtures are 108 AE 16%, confirming that Cr leaching was predominantly in the form of oxyanionic Cr VI for these mixtures within the pH range of 6.2-10.3. Fig. 6 shows the Cr release from different mixtures of SOIL and MT. In Fig. 6 , MTBS25 and CPMT25 were considered as samples containing 25% MT and leachate pH values of WLTs for these mixtures were given next to the data points. Above pH 9, MT content and the Cr release was linearly correlated. Cr release from MTBS25 and CPMT25 above pH 9 was also roughly linearly proportional to its MT content. However, when the samples were buffered to pH 7.4 and below, the linear correlation between MT content and leached Cr concentration disappeared. Despite the higher total Cr content compared with MT/soil mixtures, the higher iron (hydr)oxide content of MT100 likely retained more Cr VI at neutral pH values, resulting in Cr mobility from MT100 almost equal to MT60. Cr concentrations in all SOIL samples were below 0.6 μg=L within pH 4-10 [ Fig. 5(b) ], indicating that soil did not contribute to Cr release and that soil addition basically diluted readily leachable Cr content; however, soil addition also simultaneously reduced the retention capacity of the mixture. This is reflected by low variation in Cr leachability percentages as a function of MT content [ Fig. 7(c) ]. Total Cr contents of BS and CP were similar but their LOI and oxalate-extractable iron contents were very different. Nevertheless, the Cr release from BS100, CP100, and their mixtures with soil followed a very similar trend as function of pH-Cr concentrations from leachates were higher at acidic and alkaline pH values and lower at pH 5-7 [Figs. 5(a and b) ]. The highest Cr releases from BS20, BS30, BS100, CP30, and CP100 all occurred at pH ∼10 (4.6, 7.5, 37, 13, and 33 μg=L, respectively [Figs. 5(a and b)], corresponding to 0.4, 0.6, 1.5, 1.0, and 1.4% Cr leachability, respectively [ Figs. 7(a and b) ]. Mixtures of either BS or CP with soil (20-30% fly ash by dry weight) released relatively less Cr compared to 100% fly ash samples, except CP-containing mixtures at pH ∼4.3.
Because the Cr release from most of the samples presented in Figs. 5(a and b) were below 10 μg=L, reliable Cr VI measurements were only available for some of the BS100 and CP100 samples. The average Cr VI -to-Cr ratios are estimated at 100 AE 7% for BS100 and 99 AE 43% for CP100 above pH 8. These measurements above pH 8 suggest that chromium leaching was primarily in the form of Cr VI , but it was not possible to conclude that overall Cr release was predominantly in the form of Cr VI within the pH range of 4-10.
Because the Cr release from MT100 was predominantly in the form of Cr VI and the highest Cr concentrations detected were approximately 250 μg=L, sorption tests were completed as WLTs that were spiked with 250 μg=L chromate. Total dissolved Cr and Cr VI concentrations from sorption tests are plotted in Fig. 8 along with their Cr release from WLT samples. After the Cr VI addition, dissolved Cr concentrations detected in CP100þ250Cr leachate near its natural pH of 4.4 was insignificantly low (8 μg=L). Considering the minimal inherent Cr leaching from CP100, it appeared that CP was able to retain virtually all of the spiked Cr VI at this pH. Inherent Cr leaching from BS100 was 6.8 μg=L at its natural pH of 6.53 and dissolved Cr concentration from BS100 þ 250Cr at pH 6.77 was 190 μg=L. From pH ∼7 to ∼8, dissolved Cr concentrations from both BS100 þ 250Cr and CP100 þ 250Cr sharply increased. Cr release increased from 160 μg=L at pH 7.05 to 260 μg=L at pH 8.16 for BS100 þ 250Cr and from 97 μg=L at pH 6.90 to 240 μg=L at pH 8.31 for CP100 þ 250Cr. Above pH ∼8-9, the dissolved Cr concentrations from BS100 and CP100 were almost equal to their respective inherent Cr release plus the additional Cr VI concentration. The complete recovery of spiked Cr VI concentrations at high pH imply the absence of precipitation and reducing conditions even under alkaline conditions for Cr VI species in these samples. The shape of the curves for residual Cr concentrations from BS100þ250Cr and CP100þ250Cr samples and the sharp depletion of Cr VI retention within a narrow pH range represent a typical adsorption envelope for oxyanions retained onto and released from metal oxide surfaces, as observed in arsenic leaching (Zachara et al. 1987; Hsia et al. 1993) . Accordingly, the significant difference between sorption capacities of BS and CP at pH < 7 can be attributed to their amorphous iron content; the oxalate-extractable dissolved Fe concentration of BS and CP were 1,660 and 10,600 mg=kg, respectively (Table 4) . Above pH 8-9, both leached and residual Cr concentrations were similar, demonstrating that the sorption capacity for Cr VI species was depleted under highly alkaline conditions. However, the oxalate extraction data demonstrated that only 34-36% of the total Cr content is associated with amorphous iron oxides for all fly ashes, in contrast to the complete coextraction of the total As content. Because Cr III appears to be released under acidic conditions, the oxalate-extractable portion of total chromium possibly includes Cr III that leached at pH 3 in addition to Cr VI , and hence it does not necessarily represent the portion of Cr associated only with amorphous iron oxides. In previous studies investigating chromium in fly ashes, including bituminous coal fly ashes from the eastern United States, it was reported that the predominant oxidation state of chromium is typically þIII (≥95%) in the solid fly ash matrix (Goodarzi et al. 2008; Shah et al. 2008; Nelson et al. 2010) . Additionally, Goodarzi et al. (2008) claimed that Cr III is likely associated with aluminosilicate phases in fly ash, which were less labile (Dudas and Warren 1987) . Thus, most of the Cr content might not be readily leachable even under extreme acidic conditions.
The results from sorption tests clearly showed that BS and CP possess available capacity to retain more Cr VI than the amount of Cr leached at pH < 7. Thus, in BS-and CP-containing samples, Cr VI should be immobilized almost completely under acidic conditions, suggesting that increased Cr release at pH ∼4.3 was predominantly in the form of Cr III . Above pH 4.3, Cr VI -to-Cr ratios averaged 103 AE 13% for BS100þ250Cr and CP100þ250Cr samples, implying that Cr III leaching was minimal and the mobility of Cr VI species increased. The solubility of Cr III species decrease with increasing pH; and additionally, Cr III species can be adsorbed onto metal oxides as the charge of the these surfaces become increasingly negative with increasing pH (Wu et al. 2008) . Sorption tests conducted with SOIL spiked with 250 × μg=L Cr VI showed that SOIL particles had a capacity to retain Cr VI below pH < 8, despite its low amorphous iron oxide content. Therefore, some limited Cr VI and anion retention onto soil particles should also be considered under acidic conditions for mixtures containing high soil fractions. However, it is likely that numerious competing ions (e.g., As and P) in fly ash leachates reduced the soil's affinity for Cr VI . Overall, BS100 and CP100 exhibited very similar Cr leaching patterns, and the bulk of the Cr VI adsorption appeared to be governed by amorphous iron oxide surfaces on fly ash particles. Both in the form of Cr III or Cr VI , chromium appears to be less mobile under alkaline or acidic conditions compared with As. Any effect of unburned carbon content of fly ashes on Cr VI leaching characteristics was either independent of pH or insignificant compared with the pH-dependent absorption affinity of metal oxide surfaces.
The Cr release from MT100þ250Cr followed a pattern significantly different from other fly ashes (Fig. 8) . Although the Cr leachability was much higher for MT-containing mixtures compared with other mixtures, the Cr release appears to be affected to a lower extent by pH within the range of 6-10, in contrast to the sharp increase observed for BS100 þ 250Cr and CP100 þ 250Cr. Despite the three times higher oxalate-extractable Fe content of MT (5,300 mg=kg) relative to BS, Cr VI removal in MT100þ250Cr samples was estimated as 40 μg=L at pH ∼6.1, which is lower than the sorption capacity for BS100 at pH ∼6.5-6.8. The spiked Cr concentration was not recovered completely at any pH value. The difference in dissolved Cr concentrations between MT100 and MT100þ250Cr decreased as pH increased from 6 to 10, suggesting increasing Cr VI retention at high pH, contrary to the observed adsorption trends for BS-and CP-containing samples. To test the possibility of removal resulting from precipitation at high pH, MT was also spiked with 1,000 μg=L Cr VI at pH 9.14. The residual Cr VI and Cr concentrations in the leachate were both 860 μg=L, suggesting Cr VI precipitation at least up to 860 μg=L Cr at pH 9.14, and the retention of additional Cr VI was not a result of the reduction of Cr VI . The adsorbed portion of additional 1,000 μg=L Cr VI for this sample was estimated at 370 μg=L. It appears that the Cr retention mechanism in MT100 þ Cr is more complex, but clearly it is not primarily governed by the solubility of a solid Cr VI phase. It is possible that the extra 250 μg=L Cr VI , in addition to the already-high inherent Cr leaching may create denser surface coverage and cause stronger Cr VI sorption (Zachara et al. 1987; Hsia et al. 1993; Fendorf et al. 1997 ). Higher Cr VI adsorption at alkaline pH compared with BS and CP mixtures may also be a result of As and P retention owing to the high calcium concentration of MT100; thus more adsorption sites may have become available for Cr VI species at high pH [ Fig. 5(c) ; Zachara et al. 1987] .
The mixtures containing two types of fly ashes exhibited Cr leaching trends that followed the leaching data of the pure materials [ Fig. 5(d) ]. The Cr leaching from BSCP20 exhibited a U-shaped leaching trend and computed leachabilities were similar to BS100 and CP100 and their mixtures with soil. The highest Cr release from BSCP20 was 12 μg=L at pH 10.1 (0.8% of total Cr content) [ Fig. 5(d) ]. Cr VI was predominant in CPMT25 and MTBS25 leachates and Cr concentrations detected in these mixtures were significantly higher than Cr leaching from other BS-and CP-containing mixtures, possibly as a result of 25% MT in these mixtures [ Fig. 5(d) ]. Cr release increased from 28 to 68 μg/L for CPMT25 and from 40 to 77 μg=L for MTBS25 within the pH range of 6-10. The average Cr VI ∶Cr ratio was 109 AE 13% for CPMT25 and 124 AE 8% for MTBS25. At pH ∼10, The maximum observed leachability percentages for CPMT25 (3.7%) and MTBS25 (4.1%) were lower than the leachability values computed for MT/soil and higher than the leachability values computed for BS/soil and CP/soil mixtures. It is clear that soil addition had minimal impact on leaching behavior of Cr other than the dilution effect.
Conclusions
Despite the complexity of the solid-liquid partitioning, the dominant mechanisms controlling trace metal leaching at different pH ranges were identified for most of the fly ash/soil samples. The following conclusions were made based on general trends observed for the samples:
• An apparent effect of unburned carbon content on metal leaching as a function of pH was not observed. Other properties of fly ashes, such as leachate pH, the total metal content, amorphous iron content, and soluble CaO content appear to have a much greater effect on As, Cr, and Cu leaching.
• A strong correlation is noted between fly ash/soil leachate pH and the ratio of dissolved calcium concentration (a surrogate for soluble CaO) to oxalate-extractable Fe concentration (a surrogate for amorphous iron oxides). The ratios between the two constituents indicate that soluble CaO is more effectively controlling leachate pH compared with formation of iron (hydr)oxides, thus increasing soil content in the mixture has a minimal impact on leachate pH, especially for fly ashes with high CaO content.
• Arsenic appeared to be completely associated with amorphous Fe oxide content, and the observed leaching behavior of arsenic could be best explained by leaching predominantly in the form of As V . • Significant copper leaching was only observed under acidic conditions, and Cu mobility appears to be very sensitive to constituents of the solution. The predominant oxidation state of chromium (Cr) in the leachates was the more toxic Cr VI , with the exception of possible small Cr III release at pH ∼4.3.
• The most prominent effect of soil in the mixtures was the improvement on compactibility. Soil addition to fly ashes diluted the total readily leachable metal content, but it also reduced the overall sorption capacity for As and Cr VI at circumneutral and acidic pH.
• BSCP20 leached the least amount of trace metal at its natural pH of 5.90 and within the pH range of 4.3-7. This mixture, composed of 20% BS, 20% CP (40% fly ash in total), met the 15.7 kN=m 3 dry unit weight limit due to its high soil content. 20% CP in the mixture provided adsorption capacity, and the acidity of CP was buffered by BS. MT could be used up to 60% by mass in fly ash-soil mixtures based on the compactability criterion, but the leachates from MT-containing mixtures had natural pH values above 9, leaching high concentrations of Cr VI ; adding acidic fly ash or soil did not affect the pH significantly.
